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Co-localization of erythrocyte Ca-Mg ATPase and vitamin D-de-
pendent 28-kDa-calclum binding protein. We have previously shown
that the human kidney distal convoluted tubule (DCT) contains epitopes
of the human erythrocyte Ca-Mg ATPase pump (J Gun Invest 80:
1225—1231, 1987). To determine whether vitamin D-dependent 28-kilo-
dalton-calcium binding protein (28kDa-CaBP) and Ca-Mg + ATPase
are present in the same cells of the human kidney, kidney tissue was
examined for immunoreactivity with antibodies directed against these
proteins. Double-label immunohistochemistry showed that a majority
of the distal convoluted tubules contain epitopes to both of these
proteins. Portions of the distal nephron which were positive for 28kDa-
CaBP did not show anti-Ca-Mg ATPase antibody binding. All
other portions of the nephron were negative for both proteins. Western
blot analysis of kidney homogenates by 7% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), showed binding of an
anti-Ca -Mg + ATPase monoclonal antibody to a major band of Mr =
140,000. Western blots of kidney homogenates by 10% SDS-PAGE also
showed binding of an anti-28kDa-CaBP polyclonal antibody to a protein
band at Mr = 28,000. Incubation of parallel blots from the same 10% gel
with 45CaCl2 demonstrated that the Mr = 28,000 band binds calcium.
This work demonstrates, for the first time, that epitopes of vitamin D-
inducible 28kDa-CaBP and human erythrocyte Ca-Mg ATPase
pump are present in the same cells of the human kidney. Previous work
in our laboratory has shown that 28kDa-CaBP binds calcium in a
manner analogous to calmodulin, a known regulator of the erythrocyte
Ca-Mg ATPase pump (J Biol Chem, 19871. Taken together, these
findings suggest a possible role for vitamin D-dependent 28kDa-CaBP
and Ca-Mg ATPase in a calcium transport mechanism in the
human kidney DCT.
Calcium-magnesium adenosine triphosphatase (Ca -Mg +
ATPase) is a plasma membrane protein that functions as a
calcium pump in many tissues [1, 2]. Calmodulin is known to
increase Ca + stimulated ATP hydrolysis and the rate of Ca +
transport in various experimental situations. While Ca pumps
have been extensively studied in tissues such as the human red
blood cell, a plasma membrane Ca pump has not been well
characterized in the human kidney. A calmodulin-dependent
Ca -Mg + ATPase of Mr = 141,000 has been characterized
within the kidney tubular basement membranes of rats [3, 4]. In
addition, calmodulin binds to a protein of Mr 135,000 in
basolateral membranes from pig kidney cortex, suggesting a
relationship between these proteins [5]. Recently, we demon-
strated the presence of epitopes of Ca-Mg ATPase pumps
in the human kidney exclusively within the basolateral mem-
brane of the distal convoluted tubule [6], suggesting that Ca-
Mg + ATPase might function as a Ca + pump in the segment of
the human nephron where hormone-regulated Ca +transportis
known to occur.
Calmodulin is a ubiquitous calcium binding protein found
throughout the body [7—9]. Another member of the same family
of calcium binding proteins, vitamin D-dependent 28-kilodal-
ton-calcium binding protein (28kDa-CaBP) is characterized by a
less extensive distribution; importantly, it is found within the
kidney only in the distal portion of the nephron [10—15].
Previous work by our laboratory and others has shown that this
protein shares biophysical properties, including a high affinity
for calcium, with calmodulin [16—19].
Our present studies establish, for the first time, that these
proteins co-exist in the same cells of the human kidney distal
convoluted tubule. These studies also demonstrate that
epitopes detected in homogenates of human kidney tissue have
apparent molecular weights consistent with known Ca-Mg
ATPases and 28kDa-CaBPs purified from other tissues.
Ca transport occurs across cells of both the proximal and
distal convoluted tubules of the kidney [20]. Important differ-
ences exist, however, in the nature of Ca transport in these
nephron segments. For example, in the distal tubule Ca and
Na transport can be uncoupled while Na and Ca co-
transport is invariably observed in the proximal tubule [21].
While PTH inhibits, or does not change Ca in the proximal
tubule, PTH stimulates distal tubule Ca transport [22—25].
Both electrical and chemical gradients are also much larger in
the distal tubule than in the proximal tubule [26—28]. In view of
the fact that in the kidney, only the distal nephron contains a
28kDa-CaBP and Ca -Mg + ATPase and that hormone-re-
sponsive calcium transport also occurs in this portion of the
kidney, a relationship between hormone-regulated calcium
transport and these two proteins is possible.
Methods
Purjfication of Ca -Mg + ATPase
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Ca-Mg ATPase was purified from erythrocyte ghosts
using calmodulin affinity chromatography as previously de-
scribed [291.
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Isolation of 28K CaBP
Intestinal 28kDa-CaBP was isolated from vitamin D-replete,
white Leghorn cockerels as described by Friedlander and
Norman [301 with the modifications of Gross, Nelsestuen and
Kumar [19]. Purified CaBP migrated as a single band on
polyacrylamide gels and had an apparent molecular weight of
28,000 daltons. The results of amino acid analysis and protein
sequencing indicated purification of authentic, chicken intesti-
nal CaBP [3 1—33].
Preparation of antibodies
Monoclonal antibodies to Ca-Mg ATPase were pre-
pared and characterized as previously described [6]. They
readily detect Ca-Mg ATPase epitopes in human tissue,
but, as previously reported, these antibodies do not cross react
with rat, monkey, or dog kidney. Polyclonal antibodies to CaBP
were prepared by subcutaneous injection of 90 jg of CaBP in
500 1 of Freund's complete adjuvant, followed after 30 days by
one booster injection of 30 g of CaBP in 500 ,ul of Freund's
incomplete adjuvant. Titer and specificity were assessed via
radioimmunoassay.
Preparation of Western blots
Obtaining kidney specimens. Normal cadaver kidneys har-
vested but not used for transplantation, were perfused and
transported in sterile isotonic Ringers solution. These kidneys
were cut into pieces of approximately 1 cm x 3 cm and frozen
immediately by direct immersion in liquid nitrogen. The pieces
were then placed in a sterile container and kept frozen at —70°C
until used.
Electrophoresis of kidney homogenates. Small fragments of
frozen kidney were homogenized with a Brinkmann (Westbury,
New York, USA) Polytron in 1 ml of H20 for 15 seconds. Total
protein in the homogenates was determined by the method of
Bradford [34]. Ten microgram samples of homogenate were
heated to 100° C for five minutes in 50 mrvi Tris base containing
5% J3-mercaptoethanol, 2% sodium dodecylsulfate, 10% glyc-
erol, and 0.1% bromophenyl blue. These samples were then
analyzed on either 7% or 10% sodium dodecylsulfate polyacryl-
amide gels as described by Laemmli [35]. Marker lanes were cut
from the gel and stained with Coomasie Blue. Protein in the
remaining lanes was immediately transferred to nitrocellulose
paper.
Electrophoretic transfer. Proteins were transferred to nitro-
cellulose using a Bio-Rad (Richmond, California, USA) trans-
blot apparatus by the method of Towbin, Stahelin and Gordon
[361. Kidney homogenates were run on multiple lanes so that
individual groups of lanes from the same gel could be cut from
the nitroceliulose after blotting and incubated under different
conditions.
Binding of antibodies to nitrocellulose immobilized proteins.
Following transfer and cutting of the nitrocellulose into sepa-
rate groups of lanes, lanes for immunoblotting were placed into
0.1% sodium azide plus 3% H202 for 10 minutes at room
temperature. This solution blocks endogenous peroxidase ac-
tivity. A solution of phosphate-buffered saline, pH 7.4, and 5%
Tween 20 (PBS-Tween, Sigma, St. Louis, Missouri, USA)
containing 10 mg/mi bovine serum albumin was applied for one
hour. This solution blocks non-specific binding of antibodies to
the nitrocellulose. This same solution plus a 1:500 dilution of
either rabbit anti-chicken 28kDa-CaBP or mouse anti-human
Ca -Mg + ATPase was next applied at room temperature for
30 minutes. The nitrocellulose blot was then washed well in
PBS-Tween and a 1:500 dilution of horseradish peroxidase
(HRP) conjugated goat anti-rabbit IgG or HRP conjugated goat
anti-mouse IgG was applied for 30 minutes. The blots were then
washed well in PBS-Tween. The substrate for the HRP con-
sisted of 0.5% diaminobenzidine tetrahydrochloride Grade II
(Sigma) in PBS plus 0.1% H202. The reaction was stopped with
water.
Binding of 45CaC12 to nitrocellulose immobilized proteins.
After SDS-PAGE and electrophoretic transfer, the binding of
45CaCl2 to nitrocellulose immobilized kidney homogenate pro-
teins was investigated by the procedure of Maruyama, Ebisawa
and Nonomura [37]. The nitrocellulose blot was washed for 30
minutes in a solution containing 60 mi KCI, 5 mrt MgCI2, and
10 mi imidazole-HCI (pH 6.8). The blot was then incubated in
2 Ci/ml of 45CaCl2 in the same solution for five minutes. The
membrane was then washed for five minutes in ddH2O and
dried. Autoradiography on Kodak AR film was carried out for 1
to 17 days at —70°C.
Immunohistochemistry
Tissue selection. Human tissues obtained from surgery were
immediately fixed in 10% buffered formalin overnight. Tissue
blocks from autopsy specimens were selected when the time
between death and autopsy was less than six hours. Delays in
excess of six hours produced a loss of tissue antigenicity. Five
specimens from human kidneys were selected and processed
for this study.
Localization of antigens. Tissues for localization studies
were processed using an avidin-biotin procedure as previously
described [6]. Monoclonal antibodies JA-3, JA-7, JA-8, JA-9,
and JA-lO raised against the Ca-Mg ATPase were tested
for tissue reactivity. After confirming the presence of epitopes
to CaBP or Ca-Mg ATPase independently in separate
sections, other sections from each specimen were processed for
double label immunohistochemistry. Only antibody JA-3 to the
Ca -Mg + ATPase was used for double label studies. With
this technique, two antigens in the same specimen were labeled
in contrasting colors, namely, brown with the peroxidase chro-
mogen, diaminobenzidine tetrahydrochloride II (Sigma), and
red with the alkaline phosphatase chromogen, Vector red
(Vector Laboratories, Burlingame, California, USA). The pro-
cedure used is essentially as described by Mason and Sammons
[38], with the exceptions of the primary antibodies and enzyme
substrates. Secondary antibodies and conjugates for this pro-
cedure were supplied in kit form from Dako Inc. (Santa
Barbara, California, USA). All sections were counterstained for
five minutes with Mayer's hematoxylin and mounted with
Permount.
Results
Human kidney homogenates were electrophoresed using 7%
sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) (Fig.
1). Western blot analysis of these gels with monoclonal anti-
bodies directed toward purified human erythrocyte Ca-
Mg ATPase pump, demonstrated binding of the antibody to
a major protein band at Mr = 140,000 (Fig. 1C). Other investi-
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Fig. 1. Analysis of human kidney homogenates for the presence of
Ca-Mg ATPase after 7% SDS-PAGE. A. Molecular weight mark-
ers. B. Kidney homogenate stained with Coomassie Blue. C. Western
blot of kidney homogenate with a monoclonal antibody to Ca-Mg
ATPase.
gators have reported Ca-Mg ATPases of this approximate
molecular weight in a variety of tissues [reviewed in 1—3]. The
two additional bands at Mr = 88,000 and Mr = 83,000 most
probably represent degradation products of the ATPase after
prolonged tissue storage.
Human kidney homogenates were also electrophoresed using
SDS-PAGE on 10% gels (Fig. 2). Western blot analysis of these
gels with a polyclonal antibody directed against purified 28kDa-
CaBP shows binding of the antibody to a single band at Mr =
28,000 (Fig. 2C). The presence of this protein in human kidney
has previously been established [39]. Autoradiographic analysis
of 45CaCl2 binding to parallel blots from the same gel showed
binding of calcium to the Mr = 28,000 band (Fig. 2, lane D).
Immunoperoxidase staining of paraffin embedded sections of
human kidney for the presence of Ca -Mg + ATPase demon-
strated localization of staining exclusively along the basolateral
membrane of the distal convoluted tubule (Fig. 3 A and B).
Staining of other sections from the same tissue for the presence
of CaBP is seen in Figure 3C and D. These sections show
staining of various intensities within the cytoplasm of the distal
tubule cells. Optimal staining of tissue prepared by all methods
used in this paper was obtained with 1:1000 dilution of JA-3
ascites fluid and with a 1:500 dilution of serum containing
anti-CaBP antibodies. Controls were also prepared of these
titers. Titers of 1:50, 1:100, 1:500, 1:1000, 1:5000, and 1:10,000
were tested for each antigen.
Double-label immunohistochemical staining of human kidney
sections for both Ca-Mg ATPase and CaBP is seen in
Figure 3, E and F. With this technique, cells positive for
Ca-Mg ATPase are stained red. Cells positive for CaBP
are stained brown. Out of 156 ATPase, positive-staining distal
nephron profiles from 25 microscopic fields, 141 or 90% were
Fig. 2. Analysis of human kidney homogenates for the presence of
28K-calcium binding protein after 10% SDS-PAGE. A. Molecular
weight markers. B. Kidney homogenate stained with Coomassie Blue.
C. Western blot of kidney homogenate with a polyclonal antibody to
28kDa-calcium binding protein. D. Autoradiograph of 45CaC12 binding
to 28kDa-protein band.
stained for both CaBP and Ca-Mg ATPase. Only 15
tubular profiles or 10% of these were stained for Ca *Mgf +
ATPase alone. In the same 25 fields, an additional 95 tubules,
primarily collecting ducts, were positive for CaBP alone. No
proximal tubular or glomerular staining was seen for either
antigen tested. These results show that a majority of the cells of
the distal convoluted tubules stain for both antigens within the
same cells while cells of the collecting duct stain positive for
CaBP alone. Control sections were treated with normal rabbit
serum and mouse ascites fluid which did not contain anti-Ca-
Mg ATPase or anti-CaBP antibodies as a substitute for the
primary antisera. These sections were completely negative for
both antigens (Fig. 3G and H).
Discussion
The proximal tubule reabsorbs most (85 to 90%) of the filtered
load of Ca by passive transport processes. Ten to fifteen
percent of the filtered Ca + is reabsorbed via active Ca +
transporting mechanisms in the distal nephron [23, 401.
Proximal and distal tubular Ca + transport differ in several
important ways. First, while both the Na and Ca transport
occur in proximal and distal tubules, the transport of these ions
can be uncoupled only in the distal tubule [211. Second, the
reabsorption of Ca + is inhibited by parathyroid hormone in the
proximal tubule [22, 23], while this hormone and cyclic AMP
stimulate the absorption of Ca + in the distal tubule [24]. Third,
the luminal Ca concentration of the proximal tubule is very
near the Ca concentration of the extracellular fluid [26]. In
the distal tubule, steep concentration and electrical gradients
exist between the tubule lumen and the extracellular fluid
[26—281. It is, therefore, reasonable to suggest that the mecha-
nism of Ca transport in the distal tubule may be different
from the mechanism of Ca transport in the proximal tubule.
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Fig. 3. immunohistochemical staining of human kidney sections. A and B. Note staining of distal convoluted tubule basement membrane for
CatMg ATPase. C and D. Note staining of distal convoluted tubule cell cytoplasm for 28kDa-calcium binding protein. E and F. Double
staining of distal convoluted tubules for Ca-Mg ATPase and 28kDa-calcium binding protein. G and H. Negative control. (A, C, E, G)
magnification x 200. (B, D, F, H) magnification x 640.
In other calcium transporting tissues, such as erythrocytes human distal nephron [61. Only the basolateral membranes of
and muscle, active Ca + transport is mediated by the calmod- these cells were found to contain epitopes to this ATPase pump.
ulin-sensitive Ca -Mg + ATPase pump [21. In our previously While that report represents the only study to date of a
reported work, we found epitopes of this pump in cells of the Ca ATPase with features unique to the distal tubule,
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some information has been obtained on Ca -Mg + ATPases
from animal kidneys. First, a calmodulin binding protein of Mr
135,000 from pig kidney basolateral membranes has been
shown to exhibit hydroxylamine-sensitive phosphorylated in-
terinediates characteristic of Ca -Mg + ATPase pumps [41].
Second, a calmodulin-dependent Ca-Mg ATPase of Mr =
142,000 has also been characterized in the kidney tubules of rats
[4, 5]. These studies suggest that the distal tubule contains a
Ca-Mg ATPase bearing an epitope like one from the red
blood cell membrane Ca-Mg ATPase. Considering the
ubiquity of this enzyme, proximal tubules may also have a
similar Ca -Mg + ATPase which does not bear this epitope.
However, in the present study no ATPase was found in
proximal tubules.
Calmodulin is known to regulate Ca -Mg + ATPase pumps
in several tissues. Previous work in our laboratory has shown
that vitamin D-dependent 28kDa-CaBP binds calcium and has
biophysical properties analogous to calmodulin [19]. In the
kidney, others have shown that 28kDa-CaBP is only found in
the cells of the distal nephron [10, 11, 31, 42]. Studies by
Thorens and coworkers have shown that high concentrations of
distal tubular 28kDa-CaBP are found near the basolateral mem-
brane [43]. In the distal nephron, the rate of active transcellular
Ca fluxes is primarily regulated by parathyroid hormone, but
1,25-dihydroxyvitamin D3 also plays a role, possibly via a
vitamin D-dependent CaBP [44, 45]. As previously stated,
epitopes of Ca-Mg ATPase pump are also found exclu-
sively in the basolateral membrane of the distal tubule [61,
suggesting a relationship between these proteins. Our present
study shows that these two proteins, namely, 28kDa-CaBP and
Ca -Mg ATPase are located in the same cells of the human
distal nephron. Hormonal regulation of renal Ca1 transport
also occurs in this nephron segment [24, 25]. We suggest,
therefore, that a vitamin D-inducible 28kDa-CaBP and a Ca -
Mg ATPase pump may be involved in hormone-regulated
calcium transport in the human kidney distal tubule.
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